We have studied a rare-earth-doped crystal, Pr 3+ :La 2 ͑WO 4 ͒ 3 , which exhibits a high magnetic-moment density. Although the latter favors rare-earth dephasing, a nuclear-spin coherence lifetime of 250 s has been observed, as well as electromagnetically induced transparency ͑EIT͒. This suggests that a broad range of materials could be considered for quantum information applications such as quantum memories for light, where solids are especially attractive. Absorption and dispersion curves are independently in very good agreement with EIT theory. Fano-like profiles have also been observed. Coherent light-matter interactions are of particular interest for quantum information processing. Besides applications such as optically controlled qubits or quantum networks, quantum memories for light ͑QMLs͒ are actively investigated. Such devices should faithfully store and retrieve photonic quantum states by mapping them onto coherent atomic states. QMLs could have important applications as key elements in quantum repeaters for long-distance quantum cryptography ͓1-3͔. QMLs have been demonstrated in vapors ͓4,5͔ but the storage time is limited by atomic movement to a few ms. Applications do however demand much longer storage time, making a solid-state-based QML solution very attractive. Indeed, it was recently demonstrated that a classical pulse could be stored in a nuclear-spin transition for more than 1 s in a rare-earth-doped crystal, Pr 3+ :Y 2 SiO 5 ͓6͔. Up to now, this is the only host material in which storage protocols have been studied ͓7,8͔. Pr 3+ :Y 2 SiO 5 has very narrow homogeneous linewidths, which originate from the low density of magnetic moments, whose fluctuations cause rare-earth dephasing. However, this crystal intrinsically suffers from a large inhomogeneous broadening due to the difference in ionic radius between Y 3+ and Pr 3+ ͓9,10͔. This prevents large optical depths to be reached and thereby limits the QML efficiency. A search for alternative materials is therefore strongly needed. In this paper, we show that it is not necessary to restrict investigations to the very few hosts having similar low magnetic-moment densities. Indeed, long spin coherence lifetime and electromagnetically induced transparency ͑EIT͒, on which one of the QML storage protocols is based, have been observed in a rare-earth-doped crystal in which the magnetic-moment density is 7.5 times higher than in Y 2 SiO 5 . Our observations are perfectly described by the EIT theory when the Rabi frequency and the single-photon detuning of the coupling beam are varied.
Coherent light-matter interactions are of particular interest for quantum information processing. Besides applications such as optically controlled qubits or quantum networks, quantum memories for light ͑QMLs͒ are actively investigated. Such devices should faithfully store and retrieve photonic quantum states by mapping them onto coherent atomic states. QMLs could have important applications as key elements in quantum repeaters for long-distance quantum cryptography ͓1-3͔. QMLs have been demonstrated in vapors ͓4,5͔ but the storage time is limited by atomic movement to a few ms. Applications do however demand much longer storage time, making a solid-state-based QML solution very attractive. Indeed, it was recently demonstrated that a classical pulse could be stored in a nuclear-spin transition for more than 1 s in a rare-earth-doped crystal, Pr 3+ :Y 2 SiO 5 ͓6͔. Up to now, this is the only host material in which storage protocols have been studied ͓7,8͔. Pr 3+ :Y 2 SiO 5 has very narrow homogeneous linewidths, which originate from the low density of magnetic moments, whose fluctuations cause rare-earth dephasing. However, this crystal intrinsically suffers from a large inhomogeneous broadening due to the difference in ionic radius between Y 3+ and Pr 3+ ͓9,10͔. This prevents large optical depths to be reached and thereby limits the QML efficiency. A search for alternative materials is therefore strongly needed. In this paper, we show that it is not necessary to restrict investigations to the very few hosts having similar low magnetic-moment densities. Indeed, long spin coherence lifetime and electromagnetically induced transparency ͑EIT͒, on which one of the QML storage protocols is based, have been observed in a rare-earth-doped crystal in which the magnetic-moment density is 7.5 times higher than in Y 2 SiO 5 . Our observations are perfectly described by the EIT theory when the Rabi frequency and the single-photon detuning of the coupling beam are varied.
For these experiments, we used a praseodymium-doped lanthanum tungstate crystal: La 2 ͑WO 4 ͒ 3 . The total magneticmoment density in this material is 2.2ϫ 10 22 B cm −3 , where B is the nuclear Bohr magneton, whereas it is only 2. EIT is a quantum interference process in which the absorption of the probe vanishes because a strong field couples the excited state to an auxiliary empty state ͓13,14͔. Excitation was provided by a Coherent 699-21 dye laser with a 1 MHz linewidth. Frequency shifts were obtained using a 200 MHz acousto-optic modulator ͑AOM͒ mounted in a doublepass configuration. It was followed by a second 360 MHz AOM in which two-color beams could be generated. By strongly focusing into this AOM, the angular separation of the two beams was smaller than the diffraction angle of the focused beam. They were then launched into a single-mode, polarization-maintaining fiber to maximize beam overlap. The maximum power available at the sample entrance side was around 100 mW with a 100-m spot diameter ͓15͔. When using two-color beams, this experimental setup allowed us to record a beat note for intensity ratios up to 41 dB, the weaker beam having an intensity of about 8 W.
The laser wavelength was set at 602.74 nm ͑vacuum͒ in resonance with Pr 3+ 3 H 4 → 1 D 2 transition. The optical density of the sample was 1.09.
Nuclear-spin coherence lifetimes were measured using two-color optical excitations ͓16͔ tuned to the Ϯ3 / 2g → Ϯ 5 / 2e and Ϯ1 / 2g → Ϯ 5 / 2e transitions ͑Fig. 1͒. Two 1-s-long pulses, separated by a variable delay , were shined onto the sample. Nuclear-spin echoes were optically detected by sending a 4-s pulse along the Ϯ1 / 2g → Ϯ 3 / 2e and recording the beat note amplitude at the Ϯ3 / 2g → Ϯ 1 / 2g frequency ͑14.85 MHz͒. The coherence lifetime T 2spin of the Ϯ3 / 2g → Ϯ 1 / 2g transition was deduced from the decrease in the spin-echo amplitude as exp͑−2 / T 2spin ͒. We found T 2spin = 250Ϯ 15 s, corresponding to a homogeneous linewidth of 1.25Ϯ 0.1 kHz. Techniques using magnetic fields and radio-frequency pulses which allow an increase in hyperfine coherence lifetimes from 550 s to 30 s have been demonstrated in Pr 3+ :Y 2 SiO 5 ͓17,18͔ and should be transposable to our system. Combined with our observation, this suggests that a broad range of materials could be used for QML with long storage times. To further investigate the potential of this material as a QML, we then turned to EIT experiments.
The transitions used for EIT are shown in Fig. 1 and form a three-level ⌳ system. Because of the inhomogeneous broadening of the 3 H 4 → 1 D 2 transition, we used optical pumping to select a subensemble of Pr 3+ ions with an empty Ϯ3 / 2g level and a reduced optical inhomogeneous linewidth of Ϸ1 MHz. The transmission spectrum obtained after this selection is shown in Fig. 2 . One can clearly see the Ϯ1 / 2g → Ϯ 5 / 2e line and the nearly zero absorption at the Ϯ3 / 2g → Ϯ 5 / 2e position. The two transitions are centered in a wide hole in order to isolate them from the large number of ions absorbing at lower or higher frequencies. This complex selection procedure was carried out using various chirped pulses to empty a spectral region and then pump back a narrow ion ensemble ͓19͔. However, the selection was not entirely successful because of transition coincidences between ions with different energy schemes, and two extra lines denoted by stars appear on the spectrum of Fig. 2 .
EIT experiments were then performed by tuning the probe and coupling fields, respectively, to the Ϯ1 / 2g → Ϯ 5 / 2e and Ϯ3 / 2g → Ϯ 5 / 2e transitions. The coupling field was first turned on 20 s before the probe field. Both fields were then turned off simultaneously after 20 s. To avoid any effect of population pumping by the probe field, the latter was kept at low intensity corresponding to a Rabi frequency of a few kHz. Spectra were taken before and after the probe pulse to check this. Each experimental point in Figs. 3-5 corresponded to 160 averages of a sequence beginning with the selection procedure and followed by the EIT pulses. The averaged signals were then filtered around the beat note frequency with a 1 MHz bandwidth before averaging again the resulting amplitudes and phases over 5 s. Figure 3 shows the transmission profile of the Ϯ1 / 2g → Ϯ 5 / 2e transition as a function of the coupling field Rabi frequency ⍀ ce . The latter was not precisely known experimentally, and the values quoted in the following were obtained from a fitting procedure described below. At ⍀ ce = 30 kHz, the absorption profile of the Ϯ1 / 2g → Ϯ 5 / 2e transition has a minimum transmission of 68%. As ⍀ ce is increased, a transparency window appears with a minimum full width at half maximum ͑FWHM͒ of about 70 kHz, limited by the Fourier width of the probe ͑Ϸ50 kHz͒. This value gives an upper limit on Ϯ3 / 2g → Ϯ 1 / 2g linewidth ͑see below͒. The transparency window width is much lower than the laser linewidth, which indicates that the effect observed is due to an EIT process. At the center of the transparency window, the transmission reaches 96% at ⍀ ce = 350 kHz, the maximum Rabi frequency we could obtain. In this case, the transparency window had a FWHM of 270 kHz. These results are comparable with those obtained in Pr 3+ :Y 2 SiO 5 ͓6,20,21͔ and represent a dramatic improvement over previous attempts to see EIT in spin-concentrated hosts such as Pr 3+ : LaF 3 , where a 1-MHz-wide window and 5-10 % transparency were observed ͓22͔.
Since our three-level system was prepared in a welldefined state, we modeled the transmission profiles to retrieve the characteristic parameters of the system. Under the assumption that ͑i͒ the population in state p is close to unity, ͑ii͒ population relaxation between levels p and c is negligible, and ͑iii͒ the coupling field Rabi frequency ⍀ ce is constant, the probe transition contribution to the electric susceptibility reads as
͑1͒
where ␣ 0 , , and ⌫ ij , respectively, stand for the absorption coefficient at line center, the probe transition wavelength, and the half-width at half maximum of the ij transition. The probe transition frequency and the coupling field detuning are, respectively, denoted by pe and ⌬ ce . The low coupling field transmission ͓Fig. 3͑a͔͒ showed that the optical inhomogeneous broadening was described by a Lorentzian profile which was also assumed for the hyperfine transition. This assumption is confirmed by the agreement found between experimental and calculated profiles ͑see below͒. ⌫ ij includes both homogeneous and inhomogeneous contributions. Condition ͑i͒ is fulfilled by the selection step described above, whereas levels c and p's lifetime ͑16 s ͓12͔͒ verifies assumption ͑ii͒. Condition ͑iii͒ is discussed below. Transmission was computed from Eq. ͑1͒ using the relation
where L is the length of the sample. We then fitted to Eq. ͑2͒ seven transmission curves corresponding to ⍀ ce frequencies evenly spaced between 30 and 350 kHz. During optimization, ␣ 0 , ⌫ pe , ⌫ cp , and ⌬ ce values were adjusted simultaneously to all curves, while ⍀ ce parameters were adjusted independently for each curve. Agreement between theory and experiments is very good as can be seen in Fig. 3 . The adjusted parameters and associated 90% confidence intervals were ␣ 0 = 0.82͑0.76, 0.90͒, ⌫ pe = 667͑577, 777͒ kHz, ⌫ cp =22͑9.8, 36͒ kHz, and ⌬ ce = 171͑145, 225͒ kHz. Taking into account the oscillator strength, fitted ⍀ ce 2 values ͑given in Fig. 3͒ are in good agreement with experimentally measured intensities.
In order to gain a deeper understanding of the phenomenon and to validate our simple model, we then varied the single-photon detuning ⌬ ce and the coupling field was detuned from the Ϯ3 / 2g → Ϯ 5 / 2e center frequency ͑Fig. 4͒. For detunings larger than Ϯ300 kHz, an asymmetric profile is observed in contrast with the zero-detuning case. This is due to a quantum interference process between Rayleigh scattering and stimulated Raman scattering similar to a Fano resonance ͓23͔. This is expected under our experimental conditions, and we clearly identified such a profile in a solid. It should be noted that only EIT can produce such an effect as opposed to hole burning. We again fitted the experimental spectra to Eq. ͑2͒ with very good agreement ͑see Fig. 4͒ . Fitted parameters were also consistent with those found in the experiments where ⍀ ce was varied. It can be noticed, however, that in spectra ͑a͒-͑c͒ in Fig. 4 , the low-frequency side of the EIT window is systematically lower in transmission than the calculated one. This could be explained by contribution of ions outside the selected group of ions, such as those located in the left wall of the optically pumped region. This may also explain why this discrepancy is larger when the EIT window is closer to this left wall.
The phase of the probe field is also accessible thanks to our heterodyne detection scheme. It is directly related to the group velocity in the medium and is the basis of slow light experiments. It is simply linked to the susceptibility by
and we were also able to model the phase curves obtained for several ⍀ ce values with parameters consistent with the previous experiments. In particular, the negative slope region, characteristic of slow light, was well reproduced ͑Fig. 5͒. The phase dispersion and the absorption profile are connected by causality, irrespective of the physical process at the origin of the transparency window. Therefore, light slowing down can be deduced either from the absorption profile or from phase dispersion and is on the order of ratio between the EIT window width and the absorption coefficient. It is noteworthy that our phase and absorption data consistently lead to a minimum velocity of about 17 km/s, in accordance with theoretical predictions ͓24͔ but in strong contrast with some previous experiments ͓25͔. The fundamental causality principle given above suggests that the use of a very weak probe field allowed us to avoid propagation effects which could induce additional delays independently of the EIT transparency window. In our 5-mm-thick sample, the maximum delay experienced by a pulse, with a bandwidth entirely contained inside the EIT window, would be 300 ns.
Since we used square pulses with wide bandwidths, we were unable to measure such a short delay. The short delay value also explains that we could accurately model transmission and phase curves although the coupling field was turned off at the same time as the probe field.
In conclusion, a long coherence lifetime and an EIT process with narrow transparency windows and nearly 100% transparency have been observed in a highly-spinconcentrated crystal. In the context of long storage times for quantum memories for light, this result shows that a broad range of materials should be considered, allowing optimization of the physical properties such as optical depth necessary for efficient memories.
